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Abstract
The Little Elk terrane (LET) is an Archean exposure along the NE margin of the Black Hills, SD.
Current interpretations divide the terrane into two units, the Little Elk Granite (LEG, 2559 ±6 Ma) and
the Biotite-Feldspar Gneiss (BFG, 2563 ±6 Ma); however, two conflicting petrologic interpretations have
been proposed. While both interpret the LEG as intrusive into the BFG, one argues for a supracrustal
origin for the BFG and the other argues for magmatic. A third alternative, based on structural studies by
Winona State researchers, proposes strain-partitioning of a single granite body to explain the variation
in outcrop appearance within the LET. The goal of this research is to determine which of the three
models best explains the variation seen in the Archean Rocks of the LET.
Field mapping at 1:8000 identified significant spatial variation across the LET and developed a
classification for the two end-member Archean lithologies, The LEG is a coarse-grained 2-mica
porphyritic granite containing microcline megacrysts up to 4.5 cm. The BFG is a medium-grained biotiterich microcline-augen gneiss with minor muscovite. Both units contain a well-developed shear-fabric
interpreted to have developed during the final suturing of the Wyoming and Superior provinces.
Typically the BFG is distinguished from the LEG by finer-grained felsic minerals, greater biotite and lesser
microcline abundances, a more closely spaced and more continuous biotite foliation, and significantly
increased shear-strain indicated by fabric and textures.
During mapping a visually distinct transitional sub-lithology was differentiated. This lithology is
defined as distinctly intermediate to the BFG and LEG in all the above criteria. Most distinguishing is that
when located within the BFG, it displayed slightly less strain than the BFG, yet when located within the
LEG it displayed slightly more strain than the LEG, supporting the interpretation that strain partitioning
may control lithologic appearance. Furthermore, fully within the LEG, strong strain partitioning into
narrow, 10-50 cm wide high-strain zones result in rocks indistinguishable from the BFG. Biotite
abundance increased with strain ratio. Na2O, K2O and Al2O3 show little variation between sample
members. Fe2O3, MgO, TiO2, MnO and P2O5 show significant variation increasing with strain ratio, and
highest in high-strain end-member. REE plots show similar patterns and overlap in all sample members.
Trace element discriminations display all sample members cluster and show little variation.
Discrimination diagrams support the interpretation of an igneous protolith for the BFG.
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The Little Elk terrane (LET) is an Archean exposure along the NE margin of the Black
Hills, SD. Current interpretations divide the terrane into two units, the Little Elk Granite
(LEG, 2559 ±6 Ma) and the Biotite-Feldspar Gneiss (BFG, 2563 ±6 Ma); however, two conﬂicting petrologic interpretations have been proposed. While both interpret the LEG as
intrusive into the BFG, one argues for a supracrustal origin for the BFG and the other
argues for magmatic. A third alternative, based on structural studies by Winona State researchers, proposes strain-partitioning of a single granite body to explain the variation in
outcrop appearance within the LET. The goal of this research is to determine which of the
three models best explains the variation seen in the Archean Rocks of the LET.
Field mapping at 1:8000 identiﬁed signiﬁcant spatial variation across the LET and developed a classiﬁcation for the two end member Archean lithologies, The LEG is a
coarse-grained 2-mica porphyritic granite containing microcline megacrysts up to 4.5 cm.
The BFG is a medium-grained biotite-rich microcline-augen gneiss with minor muscovite.
Both units contain a well-developed shear-fabric interpreted to have developed during
the ﬁnal suturing of the Wyoming and Superior provinces. Typically the BFG is distinguished from the LEG by ﬁner-grained felsic minerals, greater biotite and lesser microcline abundances, a more closely spaced and more continuous biotite foliation, and signiﬁcantly increased shear-strain indicated by fabric and textures.
During mapping a visually distinct transitional sub-lithology was diﬀerentiated. This
lithology is deﬁned as distinctly intermediate to the BFG and LEG in all the above criteria.
Most distinguishing is that when located within the BFG, it displayed slightly less strain
than the BFG, yet when located within the LEG it displayed slightly more strain than the
LEG, supporting the interpretation that strain partitioning may control lithologic appearance. Furthermore, fully within the LEG, strong strain partitioning into narrow, 10-50 cm
wide high-strain zones result in rocks indistinguishable from the BFG. Biotite abundance
increased with strain ratio. Na2O, K2O and Al2O3 show little variation between sample
members. Fe2O3, MgO, TiO2, MnO and P2O5 show signiﬁcant variation increasing with
strain ratio, and highest in high-strain end-member. REE plots show similar patterns and
overlap in all sample members. Trace element discriminations display all sample members cluster and show little variation. Discrimination diagrams support the interpretation
of a an igneous protolith for the BFG.

Background

The Black Hills of South Dakota are an asymmetric
dome uplifted during the Laramide Orogeny
between ca. 65 - 55 Ma (Lisenbee and DeWitt, 1993).
The uplift consists of predominately Precambrian
rocks derived from Proterozoic sediments that have
been multiply deformed (1780 - 1750 Ma; Redden
and Norton 1975; DeWitt et al., 1986), and intruded
by the Harney Peak Granite (1715 Ma; Redden et al.,
1990) (Fig. 2). Along the east and west margins of
the Black Hills, two areas of Archean basement are
exposed, the Little Elk terrane (LET) and the Bear
Mountain terrane (Gosselin et al., 1988). These
terranes provide erosional windows important in
understanding the processes associated with the
assembly of the North American continent.
Figure 1. Generalized structure map of the
Black Hills (Allard and Portis, 2013). The
Little Elk terrane is boxed in red.

The LET exposes Archean basement along the
northeastern margin of the Black Hills. Early studies
identify three lithologies that characterize the Little Elk terrane. Two are the
Archean-aged Little Elk Granite (LEG) and the Biotite-Feldspar Gneiss (BFG), and a
Proterozoic-aged metasedimentary unit. The LEG is a coarse-grained, porphyroblastic
granite with feldspar megacrysts. The BFG is a ﬁne- to medium-grained, well-foliated
gneiss. The BFG is distinguished from the LEG by its greater abundance of biotite, less
abundant microcline, and pronounced foliation (Gosselin et al., 1988).

Structural Interpretations

Problem Statement

Early studies (Gosselin et al., 1988; McCombs et al., 2004) of the LET interpret two
Archean-aged units below a Proterozoic-aged metasedimentary unit; however, they
propose conﬂicting tectonic interpretations. Furthermore, researchers at Winona State
University have oﬀered an alternate model to explain the structures and lithologies
within the LET. The following hypothesis have been proposed for the relationship
between the BFG and LEG; 1) The BFG is of sedimentary origin and intruded by the LEG
(Gosselin et al., 1998), 2) the BFG is of magmatic origin and intruded by the LEG
(McCombs et al., 2004), 3) the BFG and LEG are a single granitic intrusion, with strain
partitioned primarily within the BFG, resulting in its gneissic appearance (Raymaker and
Allard, 2006) and 4) the BFG is of sedimentary origin from detrital material
compositionally similar to the LEG (Allard, 2014; personal communication).

Type B within mapped
Mapped BFG Inset A.

The goal of this project was to develop a classiﬁcation scheme based on
mineralogical and structural appearance to assign end-member and transitional
lithologies, coupled with geochemical comparisions of the variation of the lithologies to
better describe the spatial variation within the LET. Additionally, discrimination methods
were applied to attempt to determine the source material of the high strain portions of
the Little Elk terrane as either sedimentary or igneous.
Type D within mapped BFG Inset C.

Figure 8. Photomicrograph of 14-LE-371b
showing a fractured and displaced microcline
megacryst with voids and surrounding the area
consisting of reduced quartz. Representative of
the deformation recorded in the coarse-grained
end members.

Methods

An outcrop classiﬁcation scheme was
developed prior to ﬁeld mapping to
describe
the
rock
distribution
throughout the LET in terms of estimated
biotite abundance, grain-size, a
qualitative strain assessment, and the
average spacing between the shear
fabric. Field mapping at 1:8000 identiﬁed
the distribution of the lithologies and
multiple samples of each variety were
collect for extensive classiﬁcation and a
sub-set were analyzed for major oxide,
trace and rare earth elements.

Type B within mapped LEG Inset G.

Representation of Type A

Figure 9. Photomicrograph of 14-LE-398
showing folded Sm. Dashed red lines represent
the shear plane (Sm) rotated recording sinistral
asymmetry. Note the two biotite growths. Bt1 is
oriented with Sm and Bt2 is static, likely
crystallized syntectonically and suggests
another even younger event.

Inset E.

Inset B.

Type D within mapped BFG

53 samples were classiﬁed into four
types in terms of biotite abundance and
average strain ratio. Biotite abundance
for 32 samples were determined through
point counting methods and a visual
estimate was applied to the remainder.
Visual estimates showed signiﬁcant
error. A function was developed to Figure 3. Biotite abundance via point counting methods vs
attempt correct for this discrepancy visual estimates. Equation generated from trend line.
(Fig.3). Measurements of the long and short axis of feldspar grains were used to calculate
the average strain ratio for each sample.
Four types were assigned based on the natural breaks within the data set by sorting by
biotite abundance and average strain ratio (Fig 4). Type A is the coarse-grained
end-member, Types B & C are intermediates, and Type D is the high strain end-member.
Plotting the parameters against each other conﬁrmed the relationship (Fig 5). Strain ratio
was chosen as the controlling variable. These groups, along with geochemical data from
past studies (Gosselin et al., 1988; Gosselin et al., 1990) were subject to numerous plotting
methods and discriminations.

Trends and Harker Diagrams

Rare
earth
elements
normalized to an average
chondrite (Fig. 11) show overlap in
all sample members. The high Figure 11 . Rare earth elements of Archean rocks within the LET.
strain end-members (Type D) plot Rare earth abundances normalized to condrite by Haskin et al.,
within the range of the (1968)
coarse-grained end-member (Type
A) and are bracketed by the intermediate members (Type B & C).
Trace element tectonic environment discriminations display all sample members
clustered within the VAG ﬁeld. The end-member types show no signiﬁcant variation
between their trace elements and tectonic setting.

Type D within mapped LEG

Generally, the Archean rocks of the Little Elk terrane increase in biotite abundance as the average strain ratio increases. The lowest biotite abundances are observed in the least
strained, coarse-grained end-member (Type A). Progression through the intermediate members display the same trend, leading to the highest strain, biotite-rich, and finer grained
end-member (Type D). This progression to increased biotite abundance as a function of strain ratio explains the increased ferromagnesian oxides and titanium oxide in the
upper-intermediate (Type C) and the high strain end-members (Type D). Aluminum, sodium and potassium oxides show little variation across the sample members. Variation in
calcium oxide variation is present in all sample members. Rare earth elements across all sample members overlap and display similar pattern depleted in heavy rare earth elements
relative to the light rare earth elements suggesting similar melt fraction of all the sample members. Trace element discrimination diagrams display consistent clusters of all sample
members within the volcanic island arc granite fields. Structural interpretations across the Little Elk terrane is consistent with outcrop appearance and geochemical signatures
confining the upper-intermediate and high strain end-members (Types C & D) to areas recording the most intense shear partitioning. These physical and chemical observations
coupled with overlap in ages for the BFG and LEG and protolith discrimination results support the interpretation of a single granitic intrusion subject to a prolonged sinistral shear
event resulting in strain partitioning, which controls the visual and spatial variation observed in the Archean rocks of the Little Elk terrane.

Inset D

Type D within mapped LEG

Protolith Discrimination

Figure 4. Plot of samples sorted by strain ratio, with each corresponding strain ratio and biotite abundance.

Rare Earth & Trace
Elements

Conclusions

Gosselin et al. (1988) summarizes the structural interpretation of the LET by an early
NE-trending fabric within the BFG crosscut by a younger NW-trending fabric. He proposes
only the younger fabric is recorded in the LEG, suggesting the BFG must post-date the
LEG. Recent ﬁeld mapping as identiﬁed a NE-trending fabric within the LEG (Raymaker
and Allard, 2006; Springstead and Allard, 2007; Schoolmeesters and Allard, 2009; Allard
and Portis, 2013; Allard, 2013) and propose a single prolonged, sinistral shear system
responsible for both fabrics. The overlap in ages of 2559 ±6 Ma and 2563 ±6 Ma,
respectively, coupled with mineralogical and spatial similarities the BFG and LEG
(Gosselin et al., 1988; McCombs et al., 2004; Matzek and Allard, 2010) makes the
interpretation of a single intrusion permissible.
Figure 5. Biotie abundance vs average strain ratio.

Nearly all of the rocks throughout the Little Elk show that increasing strain ratio corresponds with an increase in biotite abundance. The types
with low strain ratios and biotite abundance are the coarse-grained granite end-member (Type A). As biotite increases with strain it becomes
increasingly diﬃcult to distinguish between the early interpreted units of the LET. Insets within the map of the LET show examples of the spatial
distribution of Types A, B and D. Insets B,C,D, and F are photographs of the rocks with the highest strain ratios and biotite abundances. These are
visually indistinguishable from each other and were gathered from areas originally mapped as BFG and LEG. Insets A and G, show the intermediate
(Type B) granitic variety with less biotite, a slightly reduced strain ratio and increased grain-size that are nearly identical gathered from locations
originally mapped as BFG and LEG. Inset A shows an representative sample of the coarse-grained end-member (Type A).
Harker diagrams (Fig 6.) show that increasing strain ratio and biotite abundance corresponds to relative increases iron, magnesium, titanium
oxides, manganese oxide, and phosphorous oxide. Aluminum oxide and the alkali oxides show no signiﬁcant variation between the types. Calcium
oxide is variable across all types. Silica oxide generally decreases with strain ratio and biotite abundance. All signiﬁcant variations between sample
types are relatively linear. Any variation in the elements necessary in the crystallization of the framework silicates is observed across all sample
types, suggesting strain and biotite abundance as the major control on the bulk chemistry of the each sample type.
Figure 2. Regional tectonic events in the Black Hills (Allard and Portis, 2013).

All rocks in the LET record transpressional shear deformation associated with the
ﬁnal suturing of the Wyoming and Superior cratons (Raymaker and Allard, 2006;
Springstead and Allard, 2007; Schoolmeesters and Allard, 2009; Jenkin and Allard, 2011;
Allard and Portis, 2013). An early study (Gosselin et al., 1988) interprets an older NE
trending fabric only present in the BFG crosscut by a young NW trending fabric observed
in both the BFG and LEG arguing the BFG must pre-date the LEG. Based on this
interpretation, the Archean-age rocks were divided into two units. Recent detailed
mapping within the LET
contradicts this interpretation of
the fabric relationships. WSU
researchers have mapped the
NE-trending fabric into the area
interpeted as LEG and argue for a
sinistral, east-side up shear system
responsible for both fabrics. Shear
fabrics (Inset A), folding of the
shear fabric (Fig 9), sinistral
asymmetry, and grain-size
reduction (Fig 8 & 9) support this
interpretation.

Figure 10. Trace element
discrimination diagrams for the
tectonic interpretation of granitic
rocks. Volcanic arc granites (VAG),
syn-collision granites (syn-COLG),
within plate granites (WPG) and
ocean ridge granites (ORG).
(Pearce et al., 1984).

Figure 6. Harker variation diagrams for sample members within the LET

Bivariate
plots
of
the
discrimination
function
(10.44=0.21(SiO2)-0.32(Fe2O3)-0.48(MgO)+0.55(CaO)+1.46(Na2O)
+0.54(K2O); Shaw 1972) compares each type to indexes used to
describe granites and yields a DF value. A negative DF value
suggests sedimentary origin and a positive DF value suggests
igneous origin. Regardless of structural and mineralogical
appearance, all of the samples, with one exception, resulted in
positive DF values, suggesting an igneous protolith (Fig 7A-D). The
only sample to give a negative value is 14-LE-362 of the upper
-intermediate member (Type C). Examination of the hand sample
showed signiﬁcant weathering along the shear planes, likely
aﬀecting the geochemical results. In addition to the DF function, a
discrimination method by Demant (1992) supports this igneous
protolith interpretation for all sample types within the LET. Figure
7C supports the ferromagnesian Harker diagrams, showing the
high strain end-member (Type D) enriched in iron relative to the
coarse-grained (Type A) and intermediate members (Types B &C).
This observation is consistent with the greater biotite abundance
in high-strain end-members.
Interestingly, the all the sample members plot as
peraluminous (ASI >1.1) S-type granites, contradicting the
metaluminous (ASI <1.1) I-type interpretations of Gosselin et al.,
(1988) and McCombs et al., (2004). Further analysis is needed to
support this observation.
Figure 7. Bivariate plots of the Discrimination factor (Shaw 1972) vs (A) Aluminum
Saturation Index (ASI); Al2O3/(CaO+Na2+K2O) (Raith et al., 1999), (B) MALI (Frost and
Frost, 2008), (C) iron enrichment index (Nockolds and Allen, 1956) and (D) Al203 vs
MgO (Demant, 1992).

Inset F.
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THE BLACK HILLS
SOUTH DAKOTA
• Uplift at ca. 65-55 Ma
• Proterozoic metasediments,
sills, and Archean rocks
• Reveals deformation
associated with collision of
Wyoming and Superior
provinces
• Intrusion of the Harney Peak
Granite (ca. 1715 Ma)

THE BLACK HILLS
SOUTH DAKOTA
• Two Archean terranes

Provide exposure that is
important in
understanding the
assembly of the North
American continent

LITTLE ELK TERRANE
• Two Archean units;

•
•

• Biotite-Feldspar Gneiss
(Gneiss)
• Little Elk Granite (Granite)
One Proterozoic
metasedimentary group
Late leucogranites
throughout terrane
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LITHOLOGIES
Gneiss

•
•
•
•

Fine- to medium-grained
Some k-spar porphryoblasts
More abundant biotite
More pronounced foliation

Granite

• Coarse-grained
• K-spar megacrysts
• Less pronounced foliation
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Ls

Ll / Ls

MULTIPLE WORKING HYPOTHESES
Gneiss

Granite

Hypothesis 1

Sedimentary

Igneous – Intrusive

Hypothesis 2

Sedimentary –
Depositional

Igneous – Bedrock

Hypothesis 3

Igneous-country
rock

Igneous – Intrusive

(Gosselin et al., 1988)

(Allard 2014; personal
communication)

(McCombs et al., 2004)

Hypothesis 4

(Raymaker and Allard,
2006)

Single Igneous intrusion
W/varying amounts of strain

(Shaw, 1971)
DF = 10.44 – 0.21SiO2 – 0.32Fe2O3(total Fe) – 0.98MgO + 0.55CaO + 1.46Na2O + 0.54K2O

(Demant, 1992)
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Consistent variation
in all types
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TRACE ELEMENT ANALYSIS
• All sample types cluster in
similar source
environment
• Regardless of
discrimination, no
significant variation

RARE EARTH ELEMENT
ANALYSIS

• All sample types show similar patterns
• Overlap across all sample types

2563 + 6 Ma

2559 + 6 Ma

2563 + 6 Ma

2559 + 6 Ma
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Sedimentary
intrusive
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Single intrusion
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Protolith Type
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Geochemistry
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Less likely
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